INTRODUCTION
The plant cell wall consists mainly of a complex mixture of polysaccharides such as cellulose, pectins and hemicellulose (1) , where the latter is comprised mainly of xylan. The backbone of xylan is formed by β-1,4-linked D-xylopyranose units to which several side groups such as α-1,2-linked 4-O-methyl D-glucuronic acid and α-1,3-linked L-arabinofuranose are attached (2) . β-Xylanases (EC 3.2.1.8) randomly hydrolyze β-1,4-glycosidic linkages within the xylan backbone via a double displacement mechanism involving a carboxylate functioning as a proton donor (the acid/base catalyst), which facilitates the dissociation of the poor glycosidic leaving group, and a nucleophilic carboxylate involved in formation of a covalently linked enzyme-substrate intermediate (3) . On the basis of primary structure homology, the majority of xylanases have been classified into glycoside hydrolase families 10 and 11 (GH10 and GH11, respectively) (4). The three-dimensional (3D) structures of ten GH10 xylanases have now been solved (5) (6) (7) (8) (9) (10) (11) . They all have very similar structures, comprising (β/α) 8 -barrels as well as additional helices and loops which are arranged in a basic TIM-barrel structure forming the active site cleft (9) . The cleft forms deep grooves consistent with the endo-mode of action, and comprises a series of subsites, each one tailored towards the binding of a single xylose moiety (11) . The subsites that bind the glycone and topology and function of the substrate binding cleft. In this paper, the structure and function of the resultant chimeric GH10 xylanases are described.
MATERIALS AND METHODS

Construction of chimeric enzymes-The catalytic domain of SoXyn10A and
CfXyn10A were separately subcloned into the pQE60 vector (QIAGEN, Hilden, Germany). Construction of the chimera was performed by the polymerase chain reaction (PCR) using overlapping primers at their respective module boundaries ( Figure   2 ). The DNA fragment from SoXyn10A encoding modules M1 to M14 and the DNA fragment from CfXyn10A encoding modules M15 to M22 were amplified using the Gene Expression and Protein Purification-For expression in E. coli and purification of the SoXyn10A, CfXyn10A, FC-14-15 and CF-14-15, the pET expression system (NOVAGEN, Madison, WI, USA) was employed. Thus, each gene was individually inserted into the pET28 vector (to yield pETfxyn, pETcex, pETfc-14-15, and pETcf-14-15, respectively). The enzymes were expressed as fusion proteins that comprised each enzyme plus a carboxyl-terminal tag of six histidine residues. The recombinant plasmids were used to transform E. coli BL21 (DE3) and transformants were cultivated at 25°C in LB medium (1 liter) that contained kanamycin (20 µg/ml) until the optical density at 600 nm reached 0.4. After addition of isopropyl-1-thio-β-D-galactoside (IPTG) to a final concentration of 1 mM, the culture was incubated at 25 o C for 24 h. After the E. coli cells were removed from the culture by centrifugation (6,000 x g, 10 min), ammonium sulphate was added to give a 70% saturation level and the resulting mixture was kept at 4 o C for 16 h. The precipitate was collected by centrifugation (10,000 x g, 20 min) and dissolved in a small amount of distilled water followed by dialysis against deionized water. Crystallization and data collection-Crystallization trials of FC-14-15 were conducted using the modified crystallization conditions for SoXyn10A (26) . FC-14-15
was crystallized by the hanging drop vapor diffusion method at room temperature using Substituted xylooligosaccharides such as 4-O-methyl-α-D-glucuronosyl-
were prepared from the final reaction products of birchwood xylan hydrolysis by FC-14-15 according to the method described previously (30) and the structure of the oligosaccharides determined by nuclear magnetic resonance (NMR) and electrospray ionization mass spectrometory (ESI-MS).
H and 13
C NMR experiments were recorded at 303 K with a Bruker Avance-500 spectrometer. ESI-MS was performed in the negative ion mode. Solutions of oligosaccharides (100 µg) in aqueous 30% methanol containing 0.75% HCl (100 µl) were infused into the electrospray source at 4 µl per min.
The ion spray was operated at 5000 V with an orifice potential of 35 V. Ten scans (100-2500 amu) were collected and averaged.
Bond cleavage frequencies (BCFs) and activities for the hydrolysis of xylooligosaccharides, and the calculation of subsite binding energies were performed as described previously (15). These values were determined from three independent experiments. To evaluate the catalytic efficiencies of the xylanases against xylooligosaccharides, 0.3-800 nM of enzyme were incubated with 10 µM of substrate in McIlvaine buffer, pH 7.0 for up to 200 min at 30°C. At regular time intervals, a 0.1-ml aliquot was removed, the enzyme was inactivated by adding sodium hydroxide to the concentration of 0.1 M, and the xylooligosaccharides in the samples were quantified by HPAEC-PAD as described above using L-fucose as an internal standard.
The progress curves of oligosaccharide cleavage were used to determine the k cat /K m of the reaction using the following equation described by Matsui et al. (49, 50) , 
2)
The kinetic parameters are as follows:
xylooligosaccharide of degree of polymerization (dp) a; BCF (X a ) b represents bond cleavage frequency for glycosidic bond b of a xylooligosaccharide of dp a; R is the gas constant (8. 
RESULTS AND DISCUSSION
Construction of chimeric xylanase-At present, ten GH10 xylanase structures have been solved. The fold of the catalytic domain of all these enzymes is well conserved, however, the topologies of the substrate binding cleft are quite different (15).
In the known GH10 structures, the structure of the subsites on the glycon side of the substrate binding cleft is highly conserved, while the aglycon regions are quite different.
Therefore, the substrate specificity of GH10 xylanases is probably determined by the structure of the aglycon side of the substrate binding cleft. The catalytic domain of GH10 xylanases can be structurally subdivided into the N-terminal larger part and the C-terminal smaller part by the substrate binding cleft. This boundary corresponds with the module boundary between modules M14 and M15 (Figure 1) . Therefore, in this study, we used the boundary of M14 and M15 for the gene shuffling study to understand the topology and function of substrate binding cleft. Two kinds of chimeric enzymes such as FC-14-15 and CF-14-15 were constructed and the topology of the substrate binding cleft was characterized. The chimera FC-14-15 construct was composed of modules M1 to M14 from SoXyn10A and modules M15 to M22 from CfXyn10A, while the construct CF-14-15 was composed of modules M1 to M14 from CfXyn10A and modules M15 to M22 from SoXyn10A. The chimeric xylanases were constructed by splicing PCR (Figure 2 ). CF-14-15 was purified as a soluble protein, but was not active.
Circular dichroism spectra of CF-14-15 indicated that the enzyme did not fold in a similar way to the parental enzymes (data not shown). Attempts to refold the protein were unsuccessful. Therefore, only FC-14-15 was further characterized.
Structure of FC-14-15-The crystal structure of FC-14-15 was determined at 2.2 Å resolution by the molecular replacement method (Figure 1 ). This model includes 316 amino acids and 240 water molecules. Two N-terminal residues (Ala-1 and Glu-2)
were disordered and could not be observed in the electron density. Four C-terminal residues (Gly-Ser-Arg-Ser) which originate from the vector were visible in the electron density and were added to the model. The overall architecture was a β/α-TIM barrel motif as commonly seen in the catalytic domain of GH10 xylanase. Root-mean-square (rms) difference for all the corresponding Cα-carbon atoms between M1-M14 of the chimera and SoXyn10A was 0.248 Å and that between M15-M22 atoms of the chimera and CfXyn10A was 0.193 Å, indicating that the structure of FC-14-15 was basically conserved from that of the parent proteins. Figure 3 shows the superposition around the catalytic cleft of FC-14-15 with both parent proteins. The bound xylooligosaccharides shown are from the structure of SoXyn10A in complex with xylotriose (37). It is apparent that the structure of the subsites on the glycon side is highly conserved between SoXyn10A and CfXyn10A.
However, the structure of the aglycon side is very different. In SoXyn10A, the aglycon side of the catalytic cleft is different from CfXyn10A, as shown in Figure 3 As shown in Figure 3 , the crystal structure of FC-14-15 revealed that all amino acid residues in the catalytic cleft retained their structures from their parent enzyme.
Consequently, the structure of the glycon subsites of FC-14-15 were conserved from both parent enzymes, while that of the subsite +1 was hybrid between SoXyn10A and CfXyn10A and that of the subsite +2 was similar to that of CfXyn10A.
Kinetics-Kinetic data were measured for FC-14-15 along with parental SoXyn10A and CfXyn10A using PNP-G2 and PNP-X2 as the substrates (Table 2) . The catalytic effiency of the chimeric xylanase along with SoXyn10A and CfXyn10A against different degrees of polymerization (dp) of xylooligosaccharides are shown in Figure 4 . All of the enzymes showed a similar trend toward xylooligosaccharide length.
Enzymes demonstrated optimal catalytic efficiency around dp 4 indicating the number of the major subsites of FC-14-15, SoXyn10A and CfXyn10A was four. The catalytic effiency for xylotriose of FC-14-15 was similar to that of SoXyn10A, however the efficiencies for xylopentaose and xylohexaose were the same as those of CfXyn10A indicating the property of the chimera become CfXyn10A like, when the subsite +2 is occupied by the substrate.
Bond cleavage frequencies (BCFs) of FC-14-15, SoXyn10A and CfXyn10A
were investigated by using the series of methyl xylotrioside to methyl xylohexaoside ( Figure 5 ). We utilized low substrate concentrations to prevent transglycosylation reactions. In the case of the hydrolysis of xylotrisaccharide, the subsites -1, -2, and +1 are used to produce the major hydrolysis product. The amino acids which comprise subsites -1, -2, and -3 of the structure are almost completely conserved and the structure of subsite +1 is hybrid between the parents, but substrate binding is mainly achieved by a stacking interaction with a Tyr (Tyr-172 in SoXyn10A and Tyr-171 in CfXyn10A) ( Figure 3 ). Consistently, there was not a great difference between both the parental and chimeric enzymes with regard to bond cleavage frequency. In contrast, there were differences when oligosaccharides longer than the xylotetraose were used, due to the influence of the properties of the parental enzymes on subsite +2. In the case of the hydrolysis of xylotetraose, SoXyn10A cleaved the first and second linkages from the reducing end, whereas CfXyn10A only hydrolyzed the second linkage, releasing exclusively xylobiose from xylotetraose. The chimeric enzyme had the same BCF for xylotetraose as CfXyn10A. The BCF of the chimera for xylopentaose again showed similar properties to CfXyn10A while, to our surprise, the BCFs of the chimera for xylohexaose showed rather hybrid properties between the parental enzymes.
The binding energies at each of the subsite for SoXyn10A, CfXyn10A, and FC-14-15 were calculated as previously described (15) and are displayed in Figure 6 .
The data indicate that the substrate binding cleft of SoXyn10A and CfXyn10A contain five xylose subsites, two that bind to aglycone (+1 and +2) and three that interact with the glycone region of the substrate (-3, -2 and -1). The binding energy of subsite +2 of FC-14-15 was close to CfXyn10A whereas the energy of subsite -2 of the chimera was close to SoXyn10A. The higher binding energy at subsite +2 of FC-14-15 compared to SoXyn10A would affect the BCF for xylooligosaccharides, resulting in a similar tendency as seen with CfXyn10A. The high binding energy at subsite +2 for the chimera can be explained by the fact that both Phe-286 and Tyr-172 can contribute to binding. Trp-179 does not make a direct contact with xylotriose in the aglycone side of the cleft of the SoXyn10A/xylotriose complex (37), but this could be due to the presence of the long loop Asn-209-Ser-212 which could make it difficult for an extended xylan chain to go in the appropriate direction. Trp-179 interacts with a distal xylobiose molecule in a complex with SoXyn10A (37), and could have a role in binding xylohexaose at subsite +3 in the FC-14-15 chimera, where the loop 209-212 is missing.
A binding contribution by Trp-179 could explain the higher positive energy for subsite +3 in the chimera, and the fact that the chimera's BCF for xylohexaose is more similar to SoXyn10A, which has only slightly negative binding energy at subsite +3, as opposed to CfXyn10A which has a larger negative binding energy.
Xylan Hydrolysis-Activities for the hydrolysis of xylan by SoXyn10A, CfXyn10A, and FC-14-15 and their hydrolysis products were examined. The enzyme reaction mixtures which produced the same levels of reducing power were subjected to HPAEC-PAD ( Figure 7) . The hydrolysis products of FC-14-15 were similar to those of CfXyn10A. However, no xylose peak was detected from the hydrolysis product of 4MeGlcUAX4 was hydrolyzed by the enzymes to xylose and 4MeGlcUAX3
with the following decreasing order of reactivity; SoXyn10A > CfXyn10A > FC-14-15.
The hydrolysis rates of the substrate by FC-14-15 and CfXyn10A were similar, whereas
SoXyn10A hydrolyzed 4MeGlcUAX4 with a significantly higher extent than the other enzymes. This can be explained from the result of BCF ( Figure 5 ) and the structures of complexes with substituted oligosaccharides (54) . According to the xylotriose-bound structure of SoXyn10A, the O-2 atoms of bound xylose at subsite -1 and -2 were buried into the cleft and could not have attached branches. Therefore, to hydrolyze 4MeGlcUAX4, the enzymes have to cleave the first linkage from reducing end to produce xylose and 4MeGlcUAX3. From the BCF ( Figure 5 ), it can be seen that
SoXyn10A is able to hydrolyze the first linkage from reducing end but the other enzymes cannot, explaining why CfXyn10A and FC-14-15 are not good at hydrolyzing 4MeGlcUAX4.
In the case of CfXyn10A and FC-14-15, the production of xylose was dependent on the hydrolysis of xylotriose and 4MeGlcUAX4 since xylose was not produced by the degradation of xylooligosaccharides longer than xylotriose ( Figure 5 ).
In contrast, SoXyn10A produced xylose when the enzyme cleaved xylotetraose in addition to the above substrates ( Figure 5 ). CfXyn10A hydrolyzes xylotriose more efficiently than SoXyn10A and FC-14-15 (Figure 4 ), while SoXyn10A hydrolyzes 4MeGlcUAX4 more efficient than CfXyn10A and FC-14-15 ( Figure 8 ). Since FC-14-15 had the weakest reactivity for both substrates, a lower production of xylose was observed than with SoXyn10A and CfXyn10A.
Conclusion-
The results of this study suggest that the topology of the substrate binding cleft is determined by the environment of the glycon side especially in subsite +2 which is not conserved in GH10 xylanases. The hybrid enzyme that we constructed in this study is fascinating, with an interesting combination of properties from the parent enzymes, resulting in low production of xylose.
It is already known that the structures of the glycon side of the active site in GH10 xylanases are highly conserved however in the aglycon side the structures are very different. The effects of these differences on substrate specificity have not previously been elucidated, in spite of the topology of the substrate binding cleft of GH10 xylanases not being conserved. The structure of subsites -3 to +1 of the substrate binding clefts of SoXyn10A and CfXyn10A were not significantly different, however differences in the topology of the clefts between the two enzymes could be found.
Especially, these differences were remarkable when the enzymes used subsite +2. Not only the properties of hydrolysis of linear xylooligosaccharides, but also of hydrolysis of substituted oligosaccharides were affected. The binding energies of the subsites of SoXyn10A (A), CfXyn10A (B), and FC-14-15 (C) were calculated using the method described previously (15), substituting the k cat /K m data displayed in Figure 4 and the BCFs exhibited in Figure 5 . 
